Abstract. Experiments were conducted to determine optimal salinity, temperature, nutrient level and CO 2 supply required for achieving maximal growth in culture of two commercially important microalgae Nannochloropsis gaditana L.M. Lubián and Dunaliella salina (Dunal) Teodoresco. Four different salinities, temperatures and nutrient levels (NaNO 3 ) and two different CO 2 levels were employed. The results indicate that maximum cell density was obtained in N. gaditana with cultures in 25 ppt salinity, 25°C temperature, 150 g/lit nutrient level and 0.5 scfm CO 2 supply. In the case of D. salina the highest cell density was with 150 ppt salinity, 30°C temperature, 150 g/lit nutrient level and 2 scfm CO 2 supply. Second set of experiments with a combination of optimal parameters resulted in significant increase in cell density with both algae compared to routine culture conditions.
Introduction
Microalgae have recently gained significance for numerous reasons; they typically contain 30 to 40% protein, 10 to 20% lipid and 5 to 15% carbohydrate (Brown et al., 1997 and Renaud et al., 1999) and are also important source of pigments like chlorophyll a, zeaxanthin, canthaxanthin and astaxanthin (Muller-Feuga, 2000) . Microalgae is the major live food in finfish and shellfish hatcheries and are considered to be the main natural supply source of polyunsaturated fatty acids (PUFA) and highly unsaturated fatty acids (HUFA). PUFAs derived from microalgae, i.e. docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA) and arachidonic acid (AA) are known to be essential for various larvae (Langdon & Waldock, 1981 and Sargent et al., 1997) . Some of the microalgae develop pigments when subjected to stress and serve as source of various pigments like beta-carotene, lutein and astaxanthin and is also used in cosmetic industry, animal nutrition, effluent treatment etc. Recently microalgae like Chlorella protothecoides Krüger is also used in production of biofuel (Miao & Wu, 2004) . Algae grown in open ponds for bio-diesel achieve a carbon footprint of 19 grams per megajoule, about four times smaller than petro-diesel (Knight, 2010) . Microalgae have also gained significance as CO 2 emission controller by utilizing the same for growth (Olaizola, 2003) .
National Prawn Company (NPC) located on the Red Sea coast of Saudi Arabia formed Marine Agriculture Department in 2007 with an objective to standardize the culture of various microalgae that have potential in the aquaculture industry as a source of food and for the extraction of essential oils such as decosahexanoic acid (DHA) used in the formulation of a variety of food including baby foods. After 3 years of research two microalgae namely Nannochlropsis gaditana L.M. Lubián (Eustigmatophyceae, Eustigmatales) and Dunaliella salina (Dunal) Teodoresco (Chlorophyta, Dunaliellales) were selected considering their commercial importance and ability to grow them in commercial production systems. N. gaditana is widely used in hatcheries either to feed the early larvae or to feed rotifers which are also live feed for fish larvae and have commercial importance in terms of pigment production and feed additive . It is also recognized as a potential source of EPA (20:5ω3), an important PUFA (Cohen, 1999) . D. salina is of commercial value as a source for pigment β-carotene and other carotenoids. Recent studies have suggested that carotenoids can prevent or delay cancer and degenerative diseases in human and animals by contributing to antioxidant defenses against metabolic oxidative byproducts (Tapiero et al., 2004) .
Pilot scale commercial production of these two species was undertaken in late 2009 using polyethylene bioreactors housed in greenhouses and later transferred to concrete tanks (N. gaditana) and in high saline shallow earthen ponds (D. salina). Preliminary production data indicated a potential to increase production by manipulating environmental parameters such as salinity and temperature. This study outlines the impact of growth in these two species by manipulating four variabiles and their ability to increase the production in commercial operations.
Materials and Methods
Experiments were carried out in the Marine Agriculture facility of the National Prawn Company located in 40°8' 45. 60"E) 150 km south of Jeddah in Saudi Arabia. The strain of algae N. gaditana was bought from Spain (strain CCAP 849/5) in 2009 and D. salina was isolated from Red Sea water in 2006. Since then strain of both these algae has been maintained under axenic conditions in this facility.
The culture medium used was f/2 for marine algae (Guillard and Ryther, 1963, Table 1 ). The final working media is prepared by adding 1.0 ml each of NaNO 3 stock solution, NaH 2 PO 4 stock solution and 0.5 ml of trace metal stock solution to 950 ml of 0.22 μ filtered seawater. Lighting was 12 h dark and 12 h light. Table 1 . Details of f/2 media used (Guillard and Ryther, 1963 N. gaditana was cultured for 3 days (72 h) and cell density was estimated on the 4 th day, while D. salina growth was for 6 days (144 h) and cell estimation carried out on day 7. Salinities tested for N. gaditana were 25, 30, 35 and 40 ppt and for D. salina 150, 200, 250 and 300 ppt and temperatures assessed for both algae were 25, 30, 35 and 40°C. For nutrient experiments various sodium nitrate dosages higher (150, 300 and 600 g/l) than the f/2 media dosage (75 g/l) was prepared. Carbon dioxide (CO 2 ) experiments had two treatments of 0.5 scfm (standard cubic feet per minute) (=14.16 l/min) and 2.0 scfm (=56.64 l/min) pumped 12 h in the day time. The CO 2 was mixed with airflow of 40 scfm resulting in 1.25% and 5% (v/v) inclusion.
Experiments were carried out in 2 l conical flasks that were heat sterilized at 100°C and cooled down to room temperature. Except for carbon dioxide experiments, where only 3 racks were used all the other experimental set up involved 4 racks each with 24 flasks. The flasks were provided with filtered air using a 100 W air compressor and lighting was by a bank of fluorescent tubes. The flasks were filled with 1.8 l of sterilized seawater of required salinity and inoculated with 10% culture volume (200 ml) from culture flasks maintained at exponential culture phase. For D. salina high saline water was obtained from outdoor ponds with 200 ppt salinity. The water was initially heat sterilized at 100°C for one hour and after cooling was filtered (0.4 micron) using a membrane filter (Kubota Corp, Osaka, Japan). While high salinity was obtained by boiling the water, fresh water addition was employed to get lower salinities. For the temperature experiments, the flasks were maintained in separate hot water baths (130x24x9 cm) maintained at required temperature using aquarium water heaters. The CO 2 flow to culture flasks was regulated using a flow meter (Key Instruments, PA, USA) from cylinders containing 99.9% pure CO 2 . Temperature was measured by mercury thermometer, pH using pH meter (Hanna Instruments), salinity estimated by salinity meter (WTW pH/Cond 340-I) and optical density (OD) by spectrophotometer (WTW Photolab 6100 Vis series) at 610 nm.
Final cell density of culture was estimated using a hemocytometer (improved Neubauer) and for D. salina, prior to counting, cells were immobilized by addition of a drop of 4% (v/v) formaldehyde. The biochemical composition of algae was assessed by LUFA-ITL, Germany following standard procedures ( Table 2 ). The algae were concentrated using Kubota membrane filter unit and the concentrated paste was analyzed for protein, carbohydrate, lipid, amino acids and fatty acids. N. gaditana was grown under the conditions of 40 ppt salinity and 35°C temperature and D. salina was grown in 170 ppt salinity and temperature of 37°C. For the second set of experiments, cultures were grown simultaneously as per the routine culture conditions and under combination of optimal parameters obtained from the first set of experiments. The routine culture conditions for N. gaditana was 40 ppt salinity, 30°C temperature, 75g/l NaNO 3 and no CO 2 supply. For D. salina the routine culture conditions are 250 ppt salinity, 35°C temperature, 75g/l NaNO 3 and no CO 2 supply.
The statistical significance between treatments was determined by using student's t-test or one way ANOVA. If there was significant difference with ANOVA, then multiple comparisons was conducted to determine the significant difference between individual treatments using Tukey's HSD (honestly significant difference) test using Systat13 (Systat Sofware Inc., Chicago, USA), The linear relationship between different parameters and cell density was analysed individually using scatter plots.
Results

a. Experiments with N. Gaditana
The growth curve developed with cell density values estimated for 15 days is shown in Fig. 1 . After 3 days of lag phase the algae entered exponential phase and touching the declining growth phase on day 9, stationary phase on day 11 and death phase between day 12 and 13. The optical density values indicated significant relationship with culture cell density (Fig.2) . The overall growth results obtained under various conditions with N. gaditana is presented in Table 3 . There was highly significant difference (P<0.001) between salinity treatments on final cell density. Cell density in 25 ppt significantly differed (P<0.05) from both 30 and 35 ppt indicating preference for lower salinities. The linear relationship analysis between salinity and cell density also showed significant relationship (Fig 3) . Highly significant difference (P<0.001) was also observed between temperature treatments. The highest cell density was recorded at 25°C and further increase in temperature led to significant reduction (P<0.05). The linear relationship analysis between temperature and cell density also showed significant relationship (Fig 4) . Different nitrate concentrations also showed significant difference between treatments. However there was no proportional increase in cell density with increase in nutrient dose. The highest cell density was observed with 150 g/l dosage and was significantly higher (P<0.01) than the regular dosage of 75g/l and higher dose of 300 g/l. The relationship analysis between nutrient level and cell density however failed to show significant relationship (Fig.5) . The control (without CO 2 ) resulted in lowest cell density and was significantly lower than both the treatments (P<0.01) and higher value of 2 scfm does not proportionately increase cell count. The cell density also differed significantly between them (P<0.01) suggesting a negative effect of higher CO 2 pumping on growth. The relationship analysis between CO 2 supply and cell density did not show significant relationship (Fig.6) . Supply of CO 2 significantly influenced the pH of culture media (Fig.7) . 
b. Experiments with D. salina
The growth curve for 15 days is shown in Fig. 8 . The growth was characterized by a shorter lag phase (1 day) followed by a longer exponential phase lasting till day 7. Day 7 to 8 corresponded to declining growth phase, day 8 and 9 to stationary phase and day 10 the death phase. The optical density values of culture showed significant relationship with the cell density (Fig. 9 ). However the relationship was weaker when compared to N. gaditana. The growth results obtained with various treatments for D. salina is presented in Table 4 . High significant difference (P<0.001) was observed between salinity treatments on the final cell density. Maximum cell density was in 150 ppt which is the salinity in which the algae is grown in the present facility. Cell density at 150 ppt differed significantly from all other treatments (P<0.0001) and next higher salinity 200 ppt also showed significantly higher density than 250 and 300 ppt ((P<0.001). The relationship analysis between salinity and cell density also showed significant negative relationship (Fig. 10) . There was no significant difference between different temperatures and cell count. The relationship analysis between temperature and cell density was also not significant (Fig.11) . Significant difference was also not noticed between different levels of nutrients used. The relationship analysis between nutrient level and cell density also was not significant (Fig.12) . As with temperature and nutrients, CO 2 treatments also did not show any significant difference between treatments. The relationship analysis between CO 2 supply and cell density did not show significant relationship (Fig.13) . 
c. Second Experiment
With second set of experiments, both the algae showed better growth performance when cultured under the combination of all optimal conditions for salinity, temperature, NaNO 3 and CO 2 supply. Both N. gaditana and D. salina registered significantly higher increase in cell density than culture under routine conditions after 96 and 144 h of culture, respectively. In N. gaditana while the cultures under normal parameters indicated 295% increase in cell density, it was 352% with optimal parameters indicating 57% higher increase in cell density. In D. salina while the cultures under normal parameters indicated 62% increase in cell density, it was 96% with optimal parameters indicating 34% higher increase in cell density over the culture period. Cell density (x10^3 cells/ml)
Discussion
One of the main goals in microalgae cultivation is to obtain high cell densities. Numerous studies have been conducted assessing the influence of various variables like salinity, temperature, nutrient, pH, CO 2 supply, aeration level etc. on the final cell densities of cultured micro algae (Renaud & Parry, 1994; Abu-Rezq et al., 1999 and Rocha et al., 2003) . Abu-Rezq et al. (1999) reported the optimal salinity range for Nannochloropsis to be between 20-40 ppt and temperature of 19-21ºC without CO 2 , while Briassoulis et al. (2010) recorded an increase in cell count from 12.2 million to 596 million in 30 days when an optimum temperature of 19-26 ºC was maintained for 45.5% of the time in experimental helical-tubular photobioreactor for continuous production of Nannochloropsis sp. Sayegh and Montangnes (2011) did not find significant increase in growth of Nannochloropsis sp. with an increase in temperature and opined that this may be because the optimal temperature is 20ºC and most of their measurements is above those temperatures that elicit maximum growth. Production data for 2010 at NPC indicate that the temperature in bioreactor ranges from 27.3 to 32.4ºC and in outdoor concrete tanks from 32.3 to 36.4ºC. If the temperature can be cost effectively bought down to 25ºC then an increase of 16% production can be obtained. Similarly, a reduction in salinity from 40 to 25 ppt will result in increased production by 79%. Use of efficient recycling system after harvest would ensure that the cost on fresh water is kept down to minimal levels and continuous higher biomass is obtained from such systems. Zittelli et al. (1999) observed that reducing the salinity to 20 from 33 ppt did not significantly affect the EPA content of the biomass in outdoor tubular photobioreactors. Rocha et al. (2003) evaluated different methods for estimating the cell density of N. gaditana and concluded that direct cell counting and dry weight biomass evaluation was correlated to optical density and all methods are suitable for estimating the biomass. Cell direct counting is a precise method but time consuming while turbidimetric method such as optical density is practical and easy to use. However, they caution that absorbance being related to the amount of matter, size and shape of suspended particles, opacity and wavelength of incident light etc. a calibration curve of cell number versus optical density has to be prepared for practical application. Significant relationship between the two methods was observed for both N. gaditana and D. salina based on the data collected during this study indicating a possibility of creating calibration curves which are useful for online monitoring of growth during large scale operations.
A supplement of CO 2 , either directly or mixed with the atmospheric air used for aeration, has been shown to enhance greatly the productivity of some microalgae in mass cultures (Becker, 1984 and Chrismadha & Borowitzka, 1994) . Huertas et al. (2000) observed that CO 2 limitation did not affect the growth of N. gaditana in low dissolved inorganic carbon cultures at least during the first half of the log phase. They also observed that pH of N. gaditana cultures rapidly increased up to 10 when injected with low levels of CO 2 which in turn was linked to the ability of this species to utilize bicarbonate directly from the external medium resulting in high alkalinsation. In the present study, although cell count increased by 49% by incorporating CO 2 at low levels in air, there was no subsequent increase in pH. In fact, pH reduced from 8.1 in control (no CO 2 ) to 7.5 and further to 7.2 when the CO 2 level was increased. D. salina however showed a steady pH of 8.8 both in control and treatment. Dynamics of carbon utilization under high temperature and salinity conditions of Red Sea has to be elucidated for both species before a recommendation regarding the use of CO 2 can be suggested for culture of these two microalgae. Jimenez and Niell (1991) found cell carbon to be maximum and cell nitrogen minimum at 31ºC for D. viridis. Temperature although not significantly influencing growth of D. salina in present study, was found to be optimal at 30ºC. Significant relationship was found only in the case of salinity where a reduction in cell count of 94% was observed when salinity increased from 150 to 300 ppt. This is attributed to salt shock where an upward shift in external NaCl concentration decreases the photosynthetic rate, the photosystem II (PSII) maximal fluorescence and the respiratory rate of D. salina (Liu and Shen, 2006) . It is advisable to reduce the salinity in earthen ponds of NPC where it regularly reaches 252 to 322 ppt by constant water exchange and maintain salinity at optimal conditions of 150 ppt.
According to Chen et al. (2011) medium containing 23 mM NaNO 3 supported better growth in D. tertiolecta than 2.3 mM. However 46 mM did not produce additional increase in culture density. In the present experiment also increase in NaNO 3 from 0.88 mM to 7.04 mM resulted in increased cell density.
A number of variables affect microalgal growth with direct, indirect and cross-effect influences. Because of this complexity it is a difficult task to optimize the parameters for growth rate of a species and the present study provides an understanding of the individual influences of various parameters. This information can be used to change the conditions either singly or in combination to attain maximum growth in a cost-effective way without compromising on the biochemical quality of the microalgae. The information can also be used to culture the algae in different conditions to obtain the required characteristics for marine fish and shellfish hatcheries or in the extraction of oils and pigments.
